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ABSTRACT:

ZrO~ particlt2-h’loSi~ matrix composites were f’ahricated by wet

pr(wcssini.jhot pressing, using high quality unstabilized, pitrtially
st:lhi lized, :lnd fu !V sl;lbili~cd ZrO~ powders, Composite room

lcrnpcriiture indentation (ructure toughness increased with lncrc:~sing
lfolume t’r;wtiml 01”ZrO~ rcint”orccmen[. (Jnsttibilid ZrO~ produc~t(l the

highest composite t’racturc toughness. 7,8 MPn m 1/~ as comparmi to 2.6

\l 1%mI/~ t’or pure MoSi~, (Jnstabilizd ZrO~ composites cxhibi~cd

Illii[ri Y4microcracking, :lnd the spontaneous Ictr:lgon;ll=to= fnonoclinic ZrO~

ph;lsc transformation induced significant p]astic Jeforrna[ion in the MoSi~

m:ltrix, Portitilly stabiliwd ZrO~ produced u ksscr uxtcnt ot”composite”

(r:i(’turc toughening, possibly as o result of i~~ inhomogcrwou$ ZrO~

l~;lrtic$lc distrltwtlon und prcwnw 01” ;1 glassy ~JtlilS(!o



INTRODUCTION:

.

The intermetallic compound h!oSi2 possesses an interesting set of

p: uperties which make it a candidate matrix materia,l for high temperature
structural composites. It has a high melting point of 2030 C, and possesses
excellent high temperature oxidation resistance due to the formation of a
protective silica phase. Unlike structural ceramics, this material exhibits a
brittle-to-ductile transition at 900-1000 C. Below this temperature it is
brittls, but above this temperature it deforms extensively by dislocation
plasticity. MoSi2 is thermodynamically stable with a number of important

ceramic materials, including SiC, ZrO~, Si3N4, A1203, TiB2, TiC, and

ZrE~, It also has the potentia! for al!oying with other high melting point

silicides, such as WSi~, Mo5Si~, and Ti5Si3. This material poses no

health hazards, and is envirorimentally benign. Finally, [he elect ical
conductivity of MoSi~ is such that it can be electio-discharge machined

(EDM), a potentially advantageous cost factor for the fabrication of
components from the material.

Of itseif, MoSi~ is not considered tO be a structural material, due to

its room temperature brittleness and its IOWstrength levels at elcvateci
temperatures. It has, however, attained significant application as a heating
clcmcnt material for furnaces operating in air to 1800 C, which attests to
i[s cxccllcnt cnvirtmmcntal stability under oxidizing conditions.

For MoSiQ to hc cmp!oyed M an oxidation-resistant elevalcd

[cmptraturc structural material, both its high temperature strength ;md
(’rucp rcsistarwc and its room temperature fracture toughness must k
significantly irr~prmu.1, This can be accomplished through the composite
;lppronch. }Iowcvvr, it is important that composite strutcgies pursued do
no dcgrwlc [hc oxidution rcsis;a:~cc significantly,

Previous work has dcmnnstratcd that SiC composite rcinlorccmcnts
:Ind W!$i~ matrix ;llloying can milrkm.lly improve the clcvatcd tumpcraturc

mechanical propcr[ics of SiC-MoSi2 h:ls~d composites ( ]-7), Additiomdly,

[IIClu~sibilily (Jt’utilizing ZrO~ transformi]tion tougknirg to signitk’;int]y

impr[}vf:the room”tcnlpcrtiturc frticturc toughness (~fY.roo p;lr[it’1~’-hl(Ai~

n-,ntrix ,vmlp~~sitcsIms rmmtly been dcmonstr:]twl (8).
‘1’hclmrpiw~iof the prcwnt investigation wii~ to cxplmw

llli~’r[lslrllcturc-[llcctltini(’til property aspects in m~~rcdcluil, in ‘1 sucond



generation of ZrO?-MoSi2 composites fabricated using high quality ZrO~.
powders. Of primary interest were initial assessments of effects of ZrO~

phase stability and volume fraction on composite microstructure,
substructures, and fracture toughness.

ZrO~ REINFORCEMENT OF MoSi2:

ZrO~ is a potentially important reinforcing species for MoSi~, This

material presents the possibility of utilizing transformation toughening
effects to sigrlificantly improve the room temperature fracture toughness of
!VloSi~based composites (8). In addition, there is also the possibility of

(!eriving elevated temperature ZrO~ dispersion strengthening effects, ‘The

;hemical species ZrO~ and MoSi~ are stable with each other under inert

conditions. The thermal expansion coefficient of ZrO~ is a reasonably

good match with that of MoSi2, allowing flexibility in composite system

design. Finally, the presence of ZrO~ does not greatly degrade ccmposite

oxidation resistance (9).

EXPERIMENTAL:

I::lhrication of Zro~ Particle-MoSi~ Llatrix Composites:



The powder co-dispersion was slip cast into a plaster of paris mold,
and the slip cast body crushed into -100 mesh feed powder for hot
pressing. Hot pressing consolidation of con- pesks was performed at 1700
C and 32 MPa pressure, using grafoil-lined graphite dies and an argon
atmospher~. Hot pressed composites were 94-95 % dense.

Indentation Fracture Toughness:

Microhardness indentation techniques were employed to determine
the t-corn temperature iracture toughness of the various ZrO~-MoSi~

composi~es. A 10 kg Vickers indentation was employed, and the approach
of Anstis et. al. (10) was used to calculate fracture toughness values.

Transmission Electron Microscopy:

Thin foils for ‘i EM were prepared as follows. A 250 micron thick
slice was cut from the hot pressed ciisc, taking car~: to avoid the edges of
[hc disc in order to minimize any :,urface effects such. aS contamination or
density gradients. The slice was then ground ~nd polished on one side to a
thickness of about 150 microns, with the fina! polish using 1 micron
diamond paste. Discs were cut from the c(’nter of the slice and mounted on
Cu grids for support. The untir,lshcd side was ground and polished to a
[hi~’knessof ahou~ 50 microns. The thin section was dimpled with :1 10 gm
I(ud :~nd 1 micron diamond rlastc to o fintil thick rws:; ()!’ICSS[ban 25
millons The t“~lilUI:Nttwn ion thinntd to per!’oration \ising Ar ions. TEM
~[u~iius[Jt’the rnicrostructurc and dis):~cati(~il structures were pcrformud
using a Philips CM30 SEM :~t400 kcV

RES(J1..TS AND DISC(,JSSIC)N:



temperature toughness value of 7.8 MPa m 1/2 was observed, as compared

to a value of 2.6 MPa ml/2 for pure MoSi2. Partially stabilized (2-4 mole

% Y203) compositions and fully shbilized Zr02 (8 mole % Y203)

exhibited lower toughness values. MgO and Ce02 stabilized materials

yielded toughness levels slightly higher than the Y203 stabilized materials.

Composite fracture toughness as a function of volume % ZrO?.

reinforcement is shown in Figure 2. In this case the Zr02 composition

was a partially stabilized one con~ining ~,5 mole % Y?(23. One may see

that the fracture toughness increases roughly linearly with increasing
partially stabilized Zr02 content, from pure MoSi2 to pure partially

stabilized ZrO~.

Microstructure:

Composite microstnlctures and the nature of indentation cracks are
shown in Figure 3, for ZrO~ reinforcements stabilized with Y~03, A

significant amount of grain boundary microcraclcing was observed in the
0% Y903 (unstabilized ZrO~) composite, with little or no microcracking

(>bscrvtxi in the partially stabilized (2-4% Y~(33) or fu!!y stabilized (870

Y~O~) materials. It may also be n~][edthat cracks tcndwj to run through

Imlh the ZrO~ and MoSi~ phas~s, without cxhibi[ing a pretkrcncc for the

phusc boundaries. Significant microcracking was also olmcrvud in the
~luo ;Ind CQ stabilized ~wmpnsitcs.

“I”r;lnsmission Electron Microscopy:

“~r:msmission Clectron microscopy results arc summarized in hbk
1, The microstructums of the various materials all showed :1
tlL![L’ro~(2nC(NlS distributir,n of Zr@ within the M(Jsi~ matrix, which

[vpic:~llv involvw.1intcrgrunular pockets ot Zrl.)~ gl~ins. There ws [IISO :1

r(’l;l[ivrlv I;lrgc :Imount of ;1silic:ltc glUSSV phase prc~cnt within the

pwkcts. which wetted the ZrO~-ZrO~ g;ain boumlarics. The intcrgrtinular

Zro~ gr:lin size vnricd Iwtwmm I :md 6 microns. There were :1sm:lll

number [JI intrngranuliir ‘Zroz grtiins which were submicron in size. ‘rherc



b

was no evidence of any chemical reaction between Zr02 and MoSi~ in the

as-fabricated composite specimens examined.
Representative transmission electron micrographs of the unstabilized

(0% Yz03), partially stabilized (2.5% Y’20~), and fully stabilized (8 %

Y~03) Zr02 reinforced-MoSi2 matrix composites are shown in Figures 4-

6, respectively. These may be correlated with the observations in Table 1,
Fo~ the unstabilized Zr02 material, one may note in Figure 4 the

presence of grain boundary microcracking in the MoSi~, as well as a high

dislocation density in the MoSi~. The high MoSi~ dislocation density is

particularly intriguing. This results because the tetragonal-to-rnonoclinic
phase transformation tempera~re is above the brittle-to-ductile transition
temperature of MoSi~. Thus, the volume change associated with the Zr02

transformation effectively “pumps” dislocations into the MoSi~ phase.

These dislocations were observed tO have predominantly <100> type
Burgers vectors. Microcracking also occurs, since the MoSi~ plasticity

apparently cannot accommodate all of the transformation strain, Both of
these factors, a high MoSi~ dislocation density and MoSi2 microcracking,

are likely the primary contributors to the high value of fracture toughness
observed for the unstabilized Zr02 composite in Figure 1,

For the partially stabilized a]ld fully stabilized ZrCn, MoSi~

dislocation densitius \vcrc (}hscrved to be much lower then for []IC

unstabilized ZrOv C:lSC, This is due to the fact that no ZrO~ phase

[ranst’orrnations occurr(?d in thcse materials upon cooling from the
~’t~mposileftibri( ation (empcra(urc, The gitissy phase and inhomogcncity of
[he ZrO~ particle distribution arc evident in Figures 5 and 6, It is likely

(hat these characteristics of the partially stahilizd ZrO~ composites,

niinl~l~ u non-uniform ZrO~ particle distribution and the presence of u

glassy phase, niay have contributed to the relatively low values of fracture
(oughncss observed in Figure 1, This suiqgcsts that possible routes (o more
fully exploiting crack-tip-induced transformation toughening in ZrO~-

\l(~Si~ (’(~[npositcs nlov l~ct~>improve the dispi:rsion of ZrO~ partic]c in

the hloSi~ m;~trix, d [l~ini!~li~e/climini\tc the glassy phase,



CONCLUSIONS:

Zr02 particle-MuSi2 matrix composites were fabricated by wet

processing and hot pressing, using high quality Zr02 powders.

Unstabilized, partially stabilized, and fully stabilized Zr02 was examined.

Hot pressing wa., performed at 1700”C, and hot pressed composites were
94-95 % dense.

The room temperature indentation fr:icture toughness of ZrO~-

\loSi~ composites increased with increasing volume fraction of ZrO~.

Unstabilized ZrO~ was observed to produce the highest composite fracture

toughness, 7.8 MPa ml/2 as compared to 2.6 MPa ml 12 for pure MoSi2.

klatrix microcracking was prominently obwiwved for unstabilized ZrO~. In

addition, the spontaneous tetra,gonal-to-monoclinic Zr02 phase

transformation in unstabilized ZrO~ produced significant plastic

deformation in the MoSi2 matrix.

Partially stabilized ZrO~ produced a lower degree of fracture

[oughening of the composite in comparison to unstabilized ZrO~. This

suggesls that crack tip-induced transformation toughening was not fhlly
operational in the present composites. Observations of an inhomogeneous
distribution of ZrO~ particles and the presence of a glassy phase may have

Iwcn contributing f~ctors inhibiting the full operation of toughening
mechanisms t“orpartially stabilized ZrO~,
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‘~able 1: Summary of transmission electron microscopy observations for
ZrO~ particle-MoSi~ matrix composites containing 2C vol. % ZrO~

reinforcement.

Stabil&x

(mole %)

0.0 Y~03

:.5 Yq

4.0 Y~03

9.0 MgO

Z@- Polytnorph

(room Iemp)

Monoclinic

Tdragonal

“l-etragonal

Cubic

Monoclimc

Monoclinic

Dislocation DexAy

(apparent)

High

Low

Low

Very Low

High

High

Micromcking

(intcrgnmular)

High

Low

Low

High
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Figure I: Room temperature fracture toughness O! 20 vol. % zro~

particle-MoSi~ matrix composites. w a function of mole % Yz03

stabilizer in the ZrO~ reinforcement.
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